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ABSTRACT 
The micro-porous layer (MPL) in a proton exchange 
membrane fuel cell is frequently believed to constitute a barrier 
for the liquid water owing to its low hydraulic permeability 
compared to the porous substrate. When micro-channels are 
carved into the MPL on the side facing the catalyst layer, liquid 
water may be diverted from wet regions of the fuel cell to the 
drier inlet and outlet sections where it can evaporate and assist 
in hydrating the membrane as well as provide a pressure relieve 
at the interface between the catalyst layer and the MPL where 
delamination can occur under freezing conditions. This 
modeling study investigates the effect of such micro-channels 
on the predicted membrane hydration level for a predetermined 
set of operating conditions with a three-dimensional 
computational fluid dynamics model that utilizes the multi-fluid 
approach. 
 
INTRODUCTION 
Proton-exchange membrane fuel cells (PEMFC’s) are 
currently being considered as an electricity source for a number 
of applications ranging from automotive to stationary, and their 
modular design allow for power ranges from several hundred 
kW to a few watts. These fuel cells combine internally 
hydrogen with oxygen from air to produce electricity, the only 
by-product being water and waste heat. The detailed reactions 
are: 
Anode:     eHH 222    (1) 
Cathode:  OHeHO 22 22
2
1
    (2) 
Combined: OHOH 222
2
1
    (3) 
These half-cell reactions occur inside the catalyst layers 
CL’s) on the platinum surface. The protons created in the anode 
side reaction migrate through a proton conducting membrane in 
the center of the cell, and the electrons pass through an external 
electrical circle and provide electrical work. The driving 
potential is the cell potential. Water is created at the cathode, 
but when both reactant gases enter the cell dry a certain fraction 
of it crosses through the membrane towards the anode and 
humidifies the anode gas and the membrane which loses its 
proton conductivity when it becomes dehydrated. Figure 1 
shows schematically the architecture of a PEMFC. 
 
 
Figure 1 Schematic of a PEMFC [1]. 
Water management is still a problem for the successful 
commercialization of PEMFC’s. While it is important to keep 
the polymer electrolyte membrane hydrated in order to ensure 
proton conductivity, an excess of liquid water in the cell can 
lead to pore plugging and prevent the reactants from reaching 
the catalyst layers. Just as important is to keep the outlets of the 
individual cells from plugging as this will lead to cell starvation 
in a stack. In recent work it has been found that a PEMFC may 
be operated in such a way that both outlet gas streams are fully 
humidified while entering the cell completely dry for a 
predetermined set of operating conditions and when the fuel 
cell operates at a certain target value of the water balance [2]. 
Such operating conditions can be found by employing dew 
point diagrams that show the theoretical dew point temperature 
of the anode and cathode outlet gas streams which only depend 
    
on the respective back pressures, stoichiometric flow ratios and 
the water balance [3]. A modeling study suggested that the 
resulting water balance may in fact be very close to the targeted 
value when these operating conditions are applied, and this was 
in good accord with previous experimental observations made 
by other groups [4, 5]. The benefit of operating PEMFC in such 
a way lies in the fact that no or very little liquid water leaves 
the cell; ideally all product water will leave the cell in the gas 
phase, which is important for the remaining system downstream 
of the fuel cell as well as for the fuel cell heat and water 
management. It was found that expanding the outcoming gases 
to atmospheric pressures directly behind the fuel cell leads to a 
decrease in the relative humidity from the targeted 100% at 
elevated pressure, and ideally the water will condense only 
after leaving the fuel cell system such as the fuel cell vehicle. 
This has also important implications for the thermal 
management as the latent heat of the product water would put 
an additional load on the coolant if it were to remain inside the 
fuel cell and for automotive fuel cells this would lead to larger 
required radiators for fuel cell vehicles. Hence, the focus of 
recent work of our group has been to operate fuel cell in such a 
way that both outlet gases are fully saturated without carrying 
liquid water out of the cell. 
While the previously mentioned modeling study suggested 
that such modus operandi is in fact possible, it was also found 
that the membrane is partly dehydrated especially at the 
cathode outlet region/anode inlet region when the fuel cell 
operates in counter-flow mode. On the other hand, liquid water 
was predicted to occur in the center of the cell inside the porous 
media, and it was also observed that the local relative humidity 
exceeds 100% along the channel walls in the center of the cell 
which would give rise to channel condensation. These 
observations can conceivably be verified using e.g. neutron 
radiography for the prefixed operating conditions, but this is 
beyond the scheme of this work. 
A logical next step is now to find ways of getting the 
membrane better hydrated under the same operating conditions. 
In an ensuing modeling study the role of the channel and land 
area width on the overall membrane hydration level was 
investigated, and the outcome was that the finest pitch of 0.5 
mm – 0.5 mm yielded the highest membrane hydration and the 
lowest peak temperature [6]. The average membrane water 
content exceeded  = 10 while a fully hydrated membrane has a 
hydration value of   14 when equilibrated with water vapor 
[7], but in light of the fact that the incoming gases were 
completely dry this was initially considered satisfactory. In 
order to obtain even higher values, numerous material and 
geometrical parameters have to be studied. An earlier 
suggestion was to apply an MPL with micro-channels on the 
CL side to allow the liquid water to move from the wet regions 
to dry regions driven by the capillary pressure [8]. While it is 
clear that such micro-channels will lead to an increased electric 
contact resistance, it is generally assumed that the contact 
resistance between the CL and MPL is much smaller than 
between the GDL substrate and the bipolar plates. A further 
advantage of such channels may be to provide relieve to the 
liquid water that may become trapped under freezing conditions 
and allow for the water to easily expand [9]. 
It is the goal of this study to investigate conceptually the 
effect of such micro-channels on the liquid water distribution as 
well as the membrane hydration level for a given set of 
operating conditions.  
MODEL DESCRIPTION 
The fuel cell model used in this study has been extensively 
described in previous publications [10-12]. It is based on the 
formerly commercial software package CFX-4 (ANSYS Inc.), a 
classical I, J, K- structured, multi-block CFD code with leading 
capabilities in terms of multi-phase flow in conjunction with 
porous media. Salient features of our model are: 
 Three-dimensional geometry that includes anode and 
cathode flow channels, bipolar plates, gas diffusion 
layers, micro-porous layers, catalyst layers and the 
polymer electrolyte membrane. 
 Capability of modeling either conventional straight 
channel flow fields or interdigitated flow fields in co- or 
counter-flow mode. 
 Multi-phase flow of water is described using the multi-
fluid approach, i.e. one set of conservation equation is 
solved for each thermodynamic phase considered. 
 Capillary action of liquid water through the porous 
media is described by the so-called Leverett function 
[13]. The fraction of hydrophilic pores inside porous 
media is accounted for by the irreducible saturation.  
 Non-equilibrium phase-change of water is accounted for 
where the driving force is the deviation from full 
saturation. This accounts for the area of the liquid/gas 
interface. 
 The model is non-isothermal. Thermal contact 
resistances between different solid layers (GDL and 
bipolar plates) are accounted for. 
 The cathode side includes species equation for oxygen 
and water (liquid and gas) while the anode side includes 
hydrogen and water (liquid and gas). 
 Three-dimensional model for water transport through 
polymer electrolyte membrane considering non-
equilibrium absorption/desorption, electro-osmotic drag, 
diffusion and hydraulic permeation through the open 
pores. 
 Simplified electro-chemistry that assumes a three-
dimensional current density inside the CL’s to calculate 
local sink and source terms of reactants inside catalyst 
layers; the pre-specified total current density 
corresponds to total amount of oxygen and hydrogen 
consumed and water and waste heat produced. 
As is shown in Figure 2, the fact that an I, J, K- structured 
mesh is used allows for the computational disconnection of the 
different physical domains which is very convenient for 
modeling purposes. 
    
 
Figure 2 Computational domains and their modelling 
purposes with an exemplary numerical grid. 
In general, Domain I is the main computational domain 
where the multi-phase flow and species equations are solved. 
Domains II and III represent the bipolar plates where currently 
we are only interested in the heat transfer equation. A 
temperature boundary condition is imposed at the outer 
surfaces where the coolant would be, and the cells bordering to 
the inner surfaces communicate with the corresponding 
neighboring cells of Domain I. Domain IV is a copy of the 
membrane and the CL’s of Domain I. This sandwich is also 
called the membrane-electrode-assembly (MEA). However, in 
Domain IV we are only interested in calculating the transport of 
water that is dissolved in the electrolyte phase. Simply put, in 
order for the water to cross from cathode to anode in Domain I, 
it has to absorb from the cathode CL of Domain I to the 
corresponding control volume (CV) of Domain IV, diffuse 
through the electrolyte phase of Domain IV, and then desorb 
from the anode CL in Domain IV to the corresponding CV in 
Domain I. These absorption and desorption terms are accounted 
for as sink and source terms for the water transport equation in 
the respective domains. This appears complex, but it allows for 
a clean implementation of the water cross-over and is 
numerically very robust.  
The salient feature of the study presented here is the 
addition of the effect of micro-channels in the computational 
model. Off-hand, it was clear that it was not possible to resolve 
these micro-channels with the numerical grid because this 
would have resulted in a prohibitive grid size given the 
complexity of the model, and it would have added undesired 
complexity to the physical model. In order to simplify the 
problem, it was decided to split the computational domain for 
the MPL into two regions: Region I included the micro-
channels and region II was without micro-channels. These 
regions were assumed to be 30 m thick. This means that 
originally the MPL had an overall thickness of 60 m, and then 
micro-channels of a depth of 30 m were carved into the MPL 
substrate. The width of these micro-channels is adjustable, 
depending on the carving tool. In the current study micro-
channel widths of 30 m, 40 m and 50 m were investigated, 
respectively. The spacing of these channels was left constant at 
100 m. Figure 3 shows schematically the set-up of a PEMFC 
including an MPL with micro-channels. The dimensions may 
be in the range of a few tens m, and the MPL is essentially 
subdivided into two layers, one with a high permeability in the 
up and downstream direction (x-direction) and the second with 
an isotropic, lower permeability. 
 
Figure 3 Schematic of the computational mesh and the location 
of the micro-channels. The upper part shows the location of 
micro-channels in the computational domain. In our model the 
micro-channels are accounted for by a smearing approach in a 
modified MPL domain, as indicated in the lower half. 
In order to simulate the micro-channels in the three-
dimensional computational fluid dynamics model the following 
reasoning was made: While we may assume Darcy type of flow 
in the porous media such as the CL’s, MPL backing layer and 
gas diffusion layer (GDL), we may assume open channel flow 
in the micro-channels. Such flow is described by the Hagen-
Poisseuille equation that generally relates the average channel 
velocity u to the pressure drop dp/dx according to the following 
equation: 
dx
dpD
u

2
32
1
       (4) 
where D is the diameter of the pipe and  is the hydraulic 
viscosity of the fluid, in this case water. This equation can be 
analytically derived by integrating the parabolic flow profile 
and using the definition of the hydraulic viscosity. 
For a rectangular channel of height H and width W the 
hydraulic diameter DH has to be used which is defined as: 
  WH
WH
WH
WH
Perimeter
Area
DH





 2
2
44  (5) 
Hence, for a rectangular channel the Hagen-Poisseuille 
equation becomes: 
 
  dx
dp
WH
WH
u

1
8
1
2
2


     (6) 
    
On the other hand, in our numerical model the three-
dimensional convectional flow through the various porous 
media is described by Darcy’s law which reads for flow in the 
x-direction: 
dx
dpK
u

       (7) 
where K is the hydraulic permeability of the porous medium, 
given in [m
2
]. Hence, it can be seen that in order to model the 
Hagen-Poisseuille equation using Darcy’s law we need to 
replace the hydraulic permeability by the dimensions of the 
micro-channels: 
 
 2
2
8
1
WH
WH
K


      (8) 
Table 1 shows a comparison of chosen micro-channel 
dimensions and their corresponding hydraulic permeabilities 
according to equation (8).  
Table 1 Micro-channel dimensions and their corresponding 
hydraulic permeability. 
Channel dimensions, 
HW 
[m m] 
Hydraulic permeability, 
K 
[m
2
] 
30  30 28.1  10-12 
30  40 
30  50 
36.7  10-12 
44.0  10-12 
It is instructive to compare these values with experimental 
data of the hydraulic permeability for different types of gas 
diffusion layers which typically have pore sizes in the range of 
10-30 m. Depending on the direction, reported values for SGL 
type of paper range from 37-57 Darcy (1 Darcy = 10
-12
 m
2
), 
while the denser Toray type has reported values ranging from 
9-15 Darcy [14]. In this work the hydraulic permeability of the 
standard MPL is assumed to be one Darcy, hence it is more 
than one order of magnitude lower than the permeability in the 
channel direction of the micro-channels. 
Now that a possibility was found to account for Hagen-
Poisseuille flow with a Darcian model, additional adjustments 
had to be made to some other modeling parameters. Assuming 
that there will only be capillary action inside the micro-
channels once they have been filled with liquid water over the 
entire cross-section of the channel, the irreducible saturation 
has to be set to sirr = 0.3, 0.4 and 0.5, respectively, in the 
modified MEA region. These values result out of the fact that 
the micro-channels have a pitch of 100 m and a width of 30, 
40 and 50 m, respectively. Generally, the irreducible saturation 
in a porous medium accounts for the pore-fraction that is not 
subjected to capillary action.  
Capillary pressure as a driving force only arises once the 
liquid saturation level exceeds the irreducible saturation, and 
the capillary pressure depends of the reducible saturation as 
described by the Leverett equation [13]: 
 SJ
K
pcap
5.0
cos 







     (9) 
Here,  is the surface tension between the gas phase and 
the liquid phase, typically taken to be 0,625 N/m [15],  is the 
contact angle of the liquid phase which depends on the surface 
treatment, e.g. amount of PTFL,  is the porosity and K the 
permeability of the porous medium. The function J(S) is usually 
a cubical function that describes the dependency of the 
capillary pressure on the reducible saturation S, defined as [16]: 
irr
irr
irr ss
s
ss
S 


 ,
1
     (10) 
Where s is the total liquid saturation and sirr is the 
irreducible liquid saturation. Berning et al. [10] argued that the 
cubicle function J(S) accounts for the pore-size distribution, a 
steeper function resulting from a wider PSD and leading to 
better liquid water transport compared to a flatter J(S) function. 
Now that the channel geometry and the area fraction of the 
channels in the MPL have been accounted for the question 
remains which capillary pressure function has to be applied for 
the liquid water transport inside the micro-channels. This can 
be answered out of the following consideration: Before the 
channel will be completely filled over the height and width, 
there is no liquid water pressure that could drive the water 
upstream or downstream. There will only be a capillary 
pressure inside the channels that can act as a driving force when 
the micro-channel is completely filled and the water starts to 
press into the adjacent MPL material. The capillary pressure 
curve of this material is given by the Leverett curve of the MPL 
material. Hence, the same capillary pressure function can be 
used to describe the channel flow as is used to describe the 
darcian flow through the MPL material. 
To summarize: MPL with micro-channels have been 
accounted for by dividing the MPL into a region with and 
without the micro-channels. The region with micro-channels 
has a higher upstream and downstream permeability which is 
given out of the channel dimensions, it has a higher irreducible 
saturation to account for the fact that the channels first have to 
be filled with water over the entire cross-section before 
capillary actions starts pushing the water upstream and 
downstream, and the capillary pressure function that is needed 
to drive the water can be assumed identical to the function that 
describes the MPL substrate. The hydraulic permeability of the 
surrounding MPL material is more than one order of magnitude 
lower than the permeability of the region with micro-channels. 
More details as to how the capillary multi-phase transport in 
porous media can been implemented into CFX-4 can be found 
elsewhere [17, 18]. 
MODELING STUDY 
The purpose of this study was to model the effect of micro-
channels inside the MPL to guide the liquid water from wet 
regions towards the drier inlet and outlet regions. Such wet 
regions in the middle of the cell have been observed when the 
fuel cell operates in a way that both reactants (pure hydrogen 
and air) gases enter completely dry (0% relative humidity). The 
    
detailed operating conditions such as anode and cathode 
pressure, stoichiometric flow ratios and inlet/outlet 
temperatures can be determined with the help of dew point 
diagrams so that both outlet gas streams may be exactly fully 
saturated to avoid liquid water leaving the cell. Table 2 
summarizes the operating conditions used in this study. The low 
stoichiometric flow ratios necessitate the use of the 
interdigitated flow field which has better mass transport 
properties compared to the conventional parallel flow field. As 
was previously mentioned, when the water balance assumes an 
effective drag coefficient rd = -0.014 both outlet streams will be 
exactly saturated with water vapour. The effective (or “net”) 
drag coefficient is defined as: 
FI
nn
r
OH
outanode
OH
inanode
d
22
,,
 
     (11) 
Hence, it is the difference in the molar water stream 
between the anode inlet and the anode outlet which has been 
normalized by the total current I generated and Faraday’s 
constant F (= 96485 C/mole). 
 
Table 2 Summary of operating conditions found with the help 
of dew point diagrams.  
Property Anode Cathode 
Inlet temperature [C] 80 85 
Stoichiometric flow ratio [-] 
Inlet relative humidity [%] 
Outlet pressure [atm] 
1.03 
0.0 
1.2 
1.1 
0.0 
1.5 
 
As was mentioned above, the channel width and land area 
in the fuel cell was taken to be 0.5 mm each as this was found 
to yield the highest membrane hydration levels compared to 
wider pitches. The geometry was shown in Figure 3. In the 
current study, three different current densities were 
investigated, 0.4 A/cm2, 0.8 A/cm2 and 1.2 A/cm2. For each of 
these current densities the case without micro-channels was 
investigated as well as the cases with micro-channels of 30, 40 
and 50 microns width, respectively, yielding a total of 12 cases. 
The operating conditions and other material properties were left 
constant with the exception of the micro-channel region. 
 
Sample Results 
One of the salient features of our model compared to other 
publications is to automatically handle the interfaces between 
the various porous layers in terms of predicting the liquid water 
saturation jump. Because of the fact that the capillary pressure 
is a continuous function across the interface of two porous 
media with different Leverett functions, there will result a 
saturation jump across the interface between e.g. the CL and the 
MPL or the MPL and the GDL [16]. The advantage of 
employing the multi-fluid approach is that these saturation 
jumps are automatically predicted without adding 
computational cost. Figure 4 shows exemplarily the calculated 
liquid water saturation for the case with 50 m wide micro-
channels at a current density of 1.2 A/cm2 in a layer near the 
cathode inlet/anode outlet section (“low x”). The cell height is 
the y-direction and the cell width the z-direction. The calculated 
results have been mirrored around the y-axis for better 
visualization. “Ca_I” denotes the inlet channel compartment of 
the cathode in the interdigitated design, and “Ca_II” the outlet 
compartment. The flow direction is thus from Ca_I through the 
porous media into Ca_II where the oxygen depleted air leaves 
the cell at the outlet located at high-x. The same is true for the 
anode, the only difference being that the anode inlet is at high-x 
and the hydrogen flows in the low-x direction. This can be seen 
in more detail in figures below. The flow arrangement is 
counter-flow, and this is necessitated by the fact that anode 
outlet and cathode outlet temperature are different and the 
anode outlet is the hot end of the cell, meaning that the coolant 
flow direction is co-flow to the anode gas stream (high-x to 
low-x).  
 
Figure 4 Calculated liquid saturation in an y-z-cut near the 
anode outlet/cathode inlet section (low-x). The anode side is the 
upper part and the cathode the lower part. 
The liquid water distribution indicates that the anode side 
actually has a higher water content than the cathode side. The 
cut shown here is located near the anode outlet where the anode 
flow is fully humidified, and condensation in the hydrophilic 
regions is likely. The region where the liquid saturation exceeds 
50% is the modified MPL region that contains the micro-
channels. As the irreducible saturation is 50% here, the 
channels will have to be filled up entirely before capillary 
action drives the water upstream and downstream. It can be 
seen that the channels are filled only under land and beneath the 
outlet compartments (An_II and Ca_II). This has been observed 
throughout all cases investigated here, and this means that 
micro-channels only need to be carved in these regions and not 
underneath the inlet compartments (Ca_I and An_I). As the 
micro-channels lead to an increased contact resistance they 
should be applied only in regions where liquid water can be 
expected.  
Between the modified MPL and the GDL substrate is the 
MPL backing without micro-channels. The same thickness of 
30 microns was assumed, and the irreducible saturation was set 
to just 10% due to its high hydrophobicity. Moreover, the 
effective contact angle  was assumed to be 150, and this leads 
to the observed saturation jump between the MPL micro-
channel regions and the MPL backing layer.  
The next layer to the outside is the GDL substrate which 
also has different material properties. Here, the irreducible 
    
saturation is assumed to be 20% and the effective contact angle 
 is 120. Again, the different material properties lead to the 
saturation jump between the MPL backing layer and the GDL. 
The “cut-off value” in Figure 4 is a liquid saturation of s =0.01 
and regions where the saturation is below this value are left 
blank. This shows that actually there is liquid water oozing 
from the GDL into the flow channels at both anode and cathode 
side. The resulting calculated water balance for this case was rd 
= -0.025 which is below the target value of rd = -0.014, and this 
means that the anode side is favored and there is some 
predicted (but undesired) liquid phase at the anode outlet. 
A second result that shall be exemplarily shown is the 
calculated water transport between anode and cathode in the 
different regions of the cell. As was explained in detail in a 
previous publication [12], the conservation equation for the 
dissolved water inside the electrolyte phase reads: 
 
  WdWequil
mem
a
W
mem
W
mem
M
F
I
nM
EW
k
MD
EW













 (12) 
Where  denotes the water content of the electrolyte phase 
and equil is the equilibrium value that depends on the relative 
humidity of the surrounding gas phase and has been measured 
by Zawodzinski et al. [7]. It is beyond the scope of this work to 
elaborate more on the terms in equation (12), and so the 
conservation equation of the water in the electrolyte phase shall 
simply be written as: 
EODNESDiffusion      (13) 
Where the term on the left had side describes the diffusion 
of water that is dissolved in the electrolyte phase and the two 
terms on the right hand side are sink- or source terms for this 
water. NES denotes non-equilibrium sorption (or desorption) of 
water from/to the adjacent gas phase, and is dependent on the 
activity of the adjacent water in the gas or liquid phase. EOD is 
the electro-osmotic drag term that depends on the current 
density. The NES term is zero inside the membrane and non-
zero inside the CL’s, and if the EOD coefficient nd is taken as a 
constant then this term also becomes zero in the membrane and 
it can be seen that the only water transport mechanism inside 
the membrane is in fact diffusion, as has been pointed out 
before [19].  
Mathematically, the EOD term is a source term for 
electrolyte phase water in the anode CL, and a corresponding 
sink term in the cathode CL. Because of species conservation 
this water has to be taken from the anode gas phase and added 
to the cathode gas phase in the computational Domain I, 
respectively. Hence, the EOD term alone causes water to move 
from the anode gas phase into the cathode gas phase as has 
frequently been measured in experiments. The direction of the 
NES term depends on the operating conditions, but it usually 
counter-acts the EOD term. Importantly, the NES term can to a 
degree be controlled by adjusting the specific electrolyte 
surface area in the CL, termed  in equation (12). A high 
surface area can facilitate absorption at the cathode side, and 
hence the water balance as described in equation (11) can 
become negative so that fuel cell can operate without external 
humidification. 
Hence, the local water balance in a fuel cell is determined 
by the right hand side of equation (13). According to the sign 
convention adopted in this work, if the overall balance between 
NES and EOD is positive e.g. inside the cathode CL, this term 
becomes a source term at the cathode CL and a corresponding 
sink term at the anode CL, and water diffuses through the 
membrane from cathode to anode. Likewise, if the overall 
balance between NES and EOD is negative inside the cathode 
CL, this term is an overall sink term for the water in the 
cathode electrolyte phase, and a corresponding source term for 
the gas phase water here, while it is a sink term for the water in 
the electrolyte phase of the anode CK. Shortly put: Negative 
values in the cathode CL indicate water transport from anode to 
cathode and positive values indicate water transport from 
cathode to anode.  
Figure 5 shows the calculated source- and sink terms in two 
different locations inside the cathode CL for the same case as 
Figure 4. The upper part is a layer very close to the membrane 
and the lower part in the middle of the CL. The overall 
thickness of the CL’s in our model is 12 microns, and so the 
lower plane in Figure 5 is around 5 microns away from the 
membrane. The unit of these values is [kg/m
3
-s]. It can be seen 
that water transport is strongly from anode to cathode in the 
first half from the cell (low-x) where the dry air enters, and it is 
from cathode to anode in the second half of the cell where dry 
hydrogen enters at the high-x interface in the An_I 
compartment. The strongly negative terms are also associated 
with a cooling term as the water evaporates from the membrane 
into the surrounding gas phase. However, there is a 
corresponding heating term at the anode CL where the water 
condenses into the membrane phase. Still, these cooling terms 
at the cathode CL may help to avoid too high peak temperatures 
as it is typically the cathode side where the highest over-
potentials occur and thus the strongest heating terms are 
located. 
 
Figure 5 Sink and source terms for the electrolyte phase water 
inside the cathode CL close to the membrane (upper half) and 
in the middle of the CL (lower half). Negative values indicate 
water transport from anode to cathode and positive values from 
cathode to anode. 
    
A comparison between the source and sink terms near the 
membrane and deeper into the CL shows that the terms near the 
membrane are substantially larger. This is probably good for 
the overall functionality of the water uptake layer that our 
group proposed in order to allow dry fuel cell operation [12]: 
while in this study the CL structure was assumed the same 
throughout the thickness, i.e. the specific surface area  was 
assumed constant over the CL thickness, the overall water 
balance is now found to be mostly determined very close to the 
membrane. It is not clear whether the roughness of the 
electrolyte phase inside the CL increases linearly with the CL 
thickness in practice, but apparently it does not seem to matter, 
and this is overall good news. The importance of the electrolyte 
phase roughness factor was highlighted in previous work [20]. 
 
Low current density cases 
Detailed results shall be presented next for the low current 
density case of 0.4 A/cm
2
. It was previously pointed out that 
one intention to apply micro-channels was to divert liquid water 
upstream and downstream as well as to provide a pressure 
relieve at the interface between the CL and the MPL where 
delamination is sometimes observed under freezing conditions 
[9]. Figure 6 shows the calculated pressure distribution of the 
liquid water for the case without micro-channels and for the 
case with 30 microns wide micro-channels.  
 
 
 
Figure 6 Calculated capillary pressure distribution [Pa] in an x-
z-plane through the center of the micro-channel region for the 
case without micro-channels (upper) and with 30 microns wide 
micro-channels (lower). 
 
The plane is located in an x-z-cut through the modified MPL 
region where the micro-channels are located. The calculated 
capillary pressure in the case without micro-channels is 
substantially higher compared to the case with micro-channels, 
and hence the theory that the micro-channels provide pressure 
relieve seems to hold. It has to be understood that the detailed 
pressure distribution results out of the Leverett function used 
for the different porous layers and out the general operating 
conditions. In other cases capillary pressures exceeded 2000 Pa 
at the CL/MPL interface [10]. 
Figure 7 shows the liquid saturation distribution in the same 
x-z-plane through the micro-channel region. The liquid patch 
predicted inside the cell is roughly in the center of the cell, 
slightly towards the anode outlet (low-x). In the case without 
micro-channels the saturation is just around 10% and 
corresponds thus well with the irreducible saturation. As 
expected, when micro-channels are included the water spreads 
out towards the inlet and outlet region, and again the predicted 
saturation corresponds well with the applied irreducible 
saturation, and it can be clearly seen in which regions the 
channels are filled. It can be observed that underneath the entire 
inlet compartments Ca_I and An_I there is no liquid water 
predicted, and thus it makes no sense to include micro-channels 
here. 
Figure 8 shows the resulting membrane water content for 
the low current density case. The regions of high membrane 
water content match quite well the regions where liquid water 
was predicted. The average water content increases slightly 
when micro-channels are included, as will also be summarized 
below. A problematic reagion appears to be the cathode 
outlet/anode inlet section (high-x) where the membrane water 
content decreases to values below  =5. This applies to the 
region between x=0.04 m and x=0.05 m. Because the protonic 
conductivity of the membrane is a strong function of the 
membrane water content, membrane dehydration should be 
avoided. If this finding is verified experimentally, a simple 
remedy would be to just place the expensive platinum catalyst 
over the first 80% of the cell length and spare the dry 
membrane region. Thus, one may just use the membrane area 
that is sufficiently hydrated in order to generate current. While 
this would waste a small amount of the also expensive 
membrane, this part of the cell may be used as water exchange 
region. However, it must be admitted that this will of course 
also change the local current distribution and hence the local 
water formation rate. Our computational model can be adjusted 
to account for the fact that only a certain fraction of the cell is 
used to generate current, but it will require some complex 
modifications of our Fortran subroutines. 
One reason for concern may be that, as is shown, the total 
cell length in this study is just 50 mm whereas real fuel cells 
have channel length of 200 mm and longer. However, it was 
previously found that the total channel length has only a small 
impact on the calculated results in our model. 
Overall it can be stated that the micro-channels area to 
fulfill their purpose to divert the water from the wet regions 
towards the drier inlet and outlet regions and thus yield a better 
hydrated membrane. A detailed comparison of the average 
membrane hydration levels will be given below.  
    
 
 
 
 
 
Figure 7 Liquid water saturation in the center of the cathode 
micro-channel region for the case without micro-channels 
(upper), and with micro-channels of 30 microns, 40 microns 
and 50 microns width (lower), respectively. 
 
 
 
 
 
 
 
Figure 8 Water content  in the center of the membrane 
for the case without micro-channels (upper), and with 
micro-channels of 30 microns, 40 microns and 50 
microns width (lower), respectively. 
 
  
    
Intermediate and high current density cases 
For the sake of brevity only a few chosen results can be 
highlighted in this section. The first results discussed in detail 
include the calculated membrane hydration for the case of 50 
microns wide micro-channels as these are consistently the cases 
with the highest membrane hydration levels. Figure 9 shows the 
membrane water content distribution for a current density of 
0.8 A/cm
2
 and 1.2 A/cm
2
. It is noted that the cathode 
outlet/anode inlet region becomes increasingly dry despite the 
fact that this is the cold end of the cell. Also, the average 
membrane hydration level decreases with increasing current 
density as will be shown below. This can be attributed to the 
increasing waste heat when the current density is increased. 
While frequently the argumentation is heard that at higher 
current density “more water” is being produced that helps to 
keep the membrane hydrated, this line of reasoning is flawed 
because the dew point temperatures which indicate the overall 
wetness of the cell are independent of the current density 
provided the stoichiometry is kept constant. However, a higher 
current density invariably leads to higher heating terms, and 
hence it leads to a drier membrane, not a wetter membrane, as 
long as the stoichiometric flow ratio is constant. The average 
value for the membrane hydration will be discussed below. 
 
 
 
Figure 9 Water content  in the center of the membrane for the 
case with micro-channels of 50 m width for a current density 
of 0.8 A/cm
2
 (upper) and 1.2 A/cm
2
 (lower), respectively. 
Figure 10 shows the calculated oxygen concentration inside 
the MPL close to the CL for the elevated current density cases. 
Once more the salient advantage of the interdigitated flow field 
is shown in that it has much better overall mass transport 
properties compared to the more popular straight channel flow 
field that relies on diffusive oxygen transport to the CL. Given 
the fact that the stoichiometric flow ratio for oxygen/air was 
only  = 1.1 in these cases, the oxygen distribution is 
surprisingly uniform. Straight channel flow fields typically 
show a very strong non-uniformity with high oxygen 
concentration at the cathode inlet (low-x) under the channel and 
a much lower oxygen concentration at the cathode outlet (high-
x) under land [21]. 
 
 
 
Figure 10 Oxygen concentration in the MPL close to the CL 
for the case with micro-channels of 50 m width for a current 
density of 0.8 A/cm
2
 (upper) and 1.2 A/cm
2
 (lower), 
respectively. 
Summary of results 
Finally, the average membrane water content for all the 
cases shall be summarized. Figure 11 shows all cases 
investigated, and it can be seen that including micro-channels 
of 30 microns width leads to a notable increase in the 
membrane hydration level over having no micro-channels. 
Interestingly, the cases with 40 microns wide micro-channels 
showed nearly identical behaviour as the cases with 30 microns 
wide MC’s, it is actually even slightly lower, while an increase 
in MC width to 50 microns yields another notable increase in 
the average membrane hydration. Hence, it would make sense 
to use micro-channels that are either 30 microns or 50 microns 
wide, while 40 microns width is not recommended because it 
increases the contact resistance but does not increase the 
membrane hydration level. However, such a statement is 
putting a lot of faith into these simulations. As usual, the final 
answer will have to come out of experiments, and these 
modelling simulations are meant to help understanding the 
underlying physics. 
    
 
Figure 11 Average membrane hydration levels for all cases 
investigated. 
CONCLUSION  
Numerical simulations have been performed to investigate 
the effect of micro-channels in the micro-porous layer of a 
proton exchange membrane fuel cell on the expected membrane 
hydration level under pre-determined, optimized operating 
conditions. The micro-channels had a height of 30 microns 
while the width was assumed to be 30, 40, or 50 microns, 
respectively, and they were located at the interface between the 
catalyst layer and the MPL. The computational fuel cell model 
was adjusted so that the Hagen-Poisseuille equation was 
assumed in the micro-channels while the multiphase flow in the 
surrounding porous media was assumed to follow Darcy’s law. 
It was found that micro-channels can provide a pressure relieve 
at the MPL/CL interface, and this might be important because it 
has been found by other groups that delamination of the fuel 
cell can occur at this interface under freezing conditions. 
Moreover, the liquid water patch that is typically encountered 
in the middle of the cell under such operating conditions is 
predicted to spread out and help to hydrate the membrane. The 
case of 30 micron wide channel resulted in a better hydrated 
membrane compared to having no micro-channels, and 
increasing the width to 50 microns gave another notable 
improvement, while 40 micron wide channels showed no 
improvement compared to 30 microns wide micro-channels. As 
the micro-channels will likely increase the contact resistance, 
using 40 microns wide channel makes no sense. Similar to 
previous simulations, the cathode outlet region experienced 
local membrane dehydration, despite this being the cold end of 
the cell. A proposed remedy was to not apply platinum catalyst 
in this region and hence not produce any current. Such effect 
could also be investigated with our computational model but it 
is left for future work. 
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